Summary. Mouse morulae were frozen rapidly to \m=-\196\s=deg\Cin the presence of 1\ m=. \ 0\ p=n-\ 2\m=.\5M-DMSO by a 3-step procedure; the samples were seeded at \m=-\4to \m=-\8\s=deg\C,held at \m=-\20\s=deg\Cin an ethanol bath for 10 min, suspended over liquid nitrogen at \m=~\\m=-\100\s=deg\C for 10 min and then plunged directly into liquid nitrogen at \m=-\196\s=deg\C.The cooling rate between \m=-\20and \m=-\75\s=deg\Cwas \m=~\17\s=deg\C/min. In all concentrations of DMSO significantly higher proportions of embryos developed to fully expanded blastocysts after 48 h in culture after rapid thawing (360\s=deg\C/min) than after slow thawing (25\s=deg\C/min). The highest survival rates were obtained for the embryos frozen rapidly in the presence of 1\m=.\5and 2\m=.\0M-DMSO (36 and 53% respectively). Various methods for removal of DMSO (2\m=.\0m) were tested with the 3-step freezing and rapid thawing procedures. The best results for development to fully expanded blastocysts were obtained with PBS + 2\m=.\0M-DMSO + 0\m=.\5M-sucrose (2 min) followed by PBS + 0\m=.\5M-sucrose (2 min) at room temperature (82%) and with stepwise dilution in PBS at 30\s=deg\C (70%). When 26 embryos developed to blastocysts in culture after rapid freezing and thawing were transferred into 2 recipients, 11 newborn young (42%) were obtained.
Introduction
It was originally reported that slow cooling (0-2-0-8°C/min) and slow thawing (4-25°C/min) were essential for obtaining maximal survival of mouse embryos frozen to -196°C in the presence of dimethyl sulphoxide (DMSO) as the cryoprotective agent (Whittingham, Leibo & Mazur, 1972; Wilmut, 1972) . Since then a number of experiments have been reported on the freezing of mammalian embryos by these procedures. It has been well established that optimal rates are 0-l-2-0°C/min for cooling and l-4-25°C/min for thawing of mouse (Whittingham et al, 1972; Wilmut, 1972; Leibo, Mazur & Jackowski, 1974) , rat (Whittingham, 1975) , rabbit (Bank & Maurer, 1974; Maurer & Haseman, 1976; Whittingham & Adams, 1976; Tsunoda & Sugie, 1977) , cow (Bilton & Moore, 1977; Willadsen, Polge & Rowson, 1978) , sheep (Willadsen, Polge, Rowson & Moor, 1976) and goat (Bilton & Moore, 1976) embryos.
Cow embryos (Wilmut & Rowson, 1973) and small percentages of mouse embryos (Whittingham et al, 1972; Wilmut, 1972) can survive after rapid thawing (350°C/min for cow and 215-450°C/min for mouse) when they are cooled slowly (0-2°C/min for cow and 0-3-l-9°C/min for mouse), but higher proportions for surviving sheep and cow embryos were obtained after rapid thawing (360°C/min) when they were cooled at 0-3°C/min to -30 to Rapid freezing by a two-step procedure has been used for several types of cells (Rapatz & Luyet, 1973; McGann & Farrant, 1976) , but it has not been reported for mammalian embryos. The present paper investigated the use of such a method for mouse morulae.
Materials and Methods
Female ICR mice (4-6 weeks old) were induced to superovulate by intraperitoneal injections of 5-6 i.u. PMSG and 5-6 i.u. hCG given 48 h apart. They were paired with males of the same strain after the injection of hCG. About 75 h after the injection of hCG, they were killed and embryos at the morula stage were flushed from the excised uteri with a modified Dulbecco's phosphate-buffered saline (PBS: Whittingham, 1971 ). The embryos were washed once with fresh PBS medium before transfer to freezing tubes.
To examine the effects of DMSO concentration and thawing rate on survival of the embryos frozen rapidly, 10-15 embryos were pipetted into 0-2 ml PBS containing 1-0, 1-5, 2-0 and 2-5 m-DMSO in glass test-tubes (10 100 mm) precooled to 0°C in an ice bath. After 5-10 min, the samples were transferred to ethanol baths at -4 to -8°C, according to the concentrations of DMSO, and seeded 1-3 min later by touching the surface of the medium with a dissecting needle cooled in liquid nitrogen. After To examine the effects of different procedures of DMSO removal on the survival of embryos, samples frozen rapidly in the 0-2 ml medium containing 2-0 M-DMSO and thawed rapidly by the procedure mentioned above were treated by one of the following ways. ( The embryos were cultured in 0-4 ml modified Krebs-Ringer bicarbonate solution, which was covered with warm paraffin oil in a plastic culture dish, as described by Toyoda & Chang (1974) for fertilization of rat eggs in vitro. To evaluate the damage during DMSO removal the morphology of the embryos was checked under a dissecting microscope just after and 1-2 h after (during culture) thawing. Survival of the embryos was assessed by their ability to develop to fully expanded blastocysts after incubation for 48 h in a C02 incubator (5% C02 in air at 37°C). In one experiment, to examine further development of the embryos frozen-thawed rapidly, embryos from which DMSO was removed by Procedure C were cultured for 20-24 h and any which had developed normally to blastocysts were transferred to the uterine horns of 2 ICR females on Day 4 of pseudopregnancy, induced by mating with a vasectomized male which had been proven sterile. The recipients were allowed to litter. (97) 57 (93) 50 (86) 47 (85) 55 (86) 37 (63) 51 (85) (1979) who reported that 8-cell mouse embryos and blastocysts survive after rapid thawing, but only when the embryos are cooled rapidly from relatively high subzero temperatures (-10 to -50°C).
In mammalian embryos, slow cooling is considered to be essential in order to prevent intracellular ice formation. Leibo (1977) (1979) have suggested that a certain amount of intracellular ice is compatible with survival provided that the embryos are thawed rapidly. Therefore, it appears in the present study that mouse morulae frozen rapidly to -196°C also contain intracellular ice. The reason for the better survival of the embryos frozen and thawed rapidly is not clear at present, but the growth of ice crystals during slow thawing is suggested to be lethal . Because rapid cooling by direct transfer of the samples into liquid nitrogen vapour at -100°C after seeding without holding them at -20°C was injurious, some degree of dehydration before rapid cooling seems essential.
The most effective concentration of DMSO for freezing of mouse embryos has been reported as between 1-0 and 1-5 m (Whittingham et al, 1972) . In the present study, best results were obtained with 1-5 and 2-0 m-DMSO, suggesting that a higher concentration of DMSO is required for rapid cooling procedures.
Although osmotic injury during the dilution steps with DMSO has been suggested for mammalian embryos (Mazur, 1977) , little work has been done on the effects of different procedures for DMSO removal on the survival of frozen mammalian embryos. Bank & Maurer (1974) (Whittingham, 1974) and might be due to the rapid removal of DMSO from the embryos at high temperatures, thus avoiding osmotic injury caused by water inflow at low temperature (Whittingham, 1974) . Although no significant difference between survival of mouse embryos after rapid dilution of the DMSO at 20°C 5 min after thawing and slow dilution at 0 or 20°C has been reported (Whittingham et al, 1979) , too rapid a procedure for the removal appears to be injurious because direct transfer of the thawed embryos into the PBS at room temperature considerably reduced their survival (Procedure F). This may have been due to rapid influx of water into the cell, because the embryos were seen to expand when transferred into fresh PBS. On the other hand, when the thawed embryos were transferred directly into PBS with 2-0 m-DMSO + 0-5 M-sucrose and then into PBS with 0-5 M-sucrose, more embryos survived (Procedure C). During this procedure the embryos remained shrunk until they regained their original volumes in the fresh PBS for washing. The embryos also remained shrunk when 0-25 M-NaCl was substituted for 0-5 M-sucrose, but their survival after culture decreased significantly (Procedure D 
